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Abstract 

We consider the resonant production of sleptons via Jlp in hadron-hadron collisions 
followed by supersymmetric gauge decays of the sleptons. We look at decay modes 
which lead to the production of a like-sign dilepton pair. The dominant production 
mechanism giving this signature is the resonant production of a charged slepton 
followed by a decay to a charged lepton and a neutralino which then decays via 
p,p. The discovery potential of this process at Run II of the Tevatron and the LHC 
is investigated using the HERWIG Monte Carlo event generator. We include the 
backgrounds from the MSSM. We conclude with a discussion of the possibility of 
extracting the lightest neutralino and slepton masses. 
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1 Introduction 



In the R-parity violating (JRp) extension of the Minimal Supersymmetric Standard Model 
(MSSM) [|T| supersymmetric particles can be produced on resonance. While the cross sec- 
tions for these resonant production processes are suppressed by the Yukawa couplings, 
the kinematic reach is greater than that of supersymmetric particle pair production. 

The flp extension to the MSSM contains the following additional terms in the super- 
potential 



W 



1 



n-^k 1 



(1) 



where i,j = 1,2,3 are the generation indices, a, 6 = 1,2 are the SU{2)l indices and 
ayjS,^ = 1,2,3 are the SU{3)c indices. (Q*) are the lepton (quark) SU{2) doublet 
superfields, 'E^ {D^ ,lT) are the electron (down and up quark) SU{2) singlet superfields, 
and Hn, n = 1,2, are the Higgs superfields. For a recent summary of the bounds on the 
couplings in Eqn. |l] see . 

The terms in Eqn. lead to different resonant production mechanisms in various collider 
experiments. The first term leads to resonant sneutrino production in e^e~ collisions 0-0, 
while the third term gives resonant squark production in hadron-hadron collisions ||10|-|17 . 
The second term gives both resonant squark production in ep collisions |]T8l and resonant 



slepton production in hadron-hadron collisions, which we will consider here. 
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Table 1: Decay modes of charged sleptons and sneutrinos. The index a 
mass eigenstate of the slepton. 
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A systematic study of ^p signatures at hadron colliders was first performed in 



Resonant slepton production in hadron-hadron collisions has previously been considered 
in Iig-|l3|,|l9|- 



The signature of this process depends on the decay mode of the resonant 
slepton. The various possible decay channels are given in Table |1|. Most of the previous 
studies have considered only the decays of the resonant slepton to either leptons via the 



first term in Eqn.|T] [|T^,|I3],|TU|,^, or to quarks via the second term in Eqn.|I] 
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There has been no study of the supersymmetric gauge decays of the resonant charged 
sleptons. The cross sections for these processes were first presented in where there was 
a discussion of the possible experimental signatures, however the signal we are considering 
was not discussed and there was no calculation of the Standard Model background. In 
several workshop contributions we have presented first studies of the supersymmetric gauge 
decays of charged sleptons [|1^, ^ . Here we present a complete analysis of both the 
Tevatron and LHC case. The supersymmetric gauge decays of sneutrinos have been studied 
in 



^2|,|2^. These studies were performed using a hadron-level Monte Carlo simulation for 
both the signal and background processes, in addition the analyses of |2^,^ used a detector 
simulation and looked at the trilepton signature for resonant sneutrino production. 

We will consider a specific signature, i.e. like-sign dilepton production, for these pro- 
cesses rather than any one given resonant production mechanism. We would expect like- 
sign dilepton production to have a low background from Standard Model (SM) processes. 
This is an extension of our analysis of |0, ETI, 53] to include additional signal processes 



and Standard Model backgrounds. We also consider the background from sparticle pair 
production and the possibility of measuring the sparticle masses which was not considered 
in [|l^, ^,|2^. We use a parton-shower Monte Carlo simulation, including hadronization 
but no detector simulation, for both the signal and background processes. 

In Section |^ we will consider the signal processes in more detail, followed by a discussion 
of the various different processes which contribute to the background in Section ^. We will 
also discuss the various cuts which can be used to reduce the background. In Section ^ we 
will then consider the discovery potential at both Run II of the Tevatron and at the LHC. 
We also consider the possibility of reconstructing the neutralino and slepton masses using 
their decay products. 



2 Signal 

There are a number of different possible production mechanisms for a like-sign dilepton pair 
via resonant slepton production. The dominant production mechanism is the production 
of a charged slepton followed by a supersymmetric gauge decay of the charged slepton to 
a neutralino and a charged lepton. This neutralino can then decay via the crossed process 
to give a second charged lepton, which due to the Majorana nature of the neutralino can 
have the same charge as the lepton produced in the slepton decay. The production of a 
charged lepton and a neutralino via the LQD term in the superpotential, Eqn.|l], occurs 
at tree-level via the Feynman diagrams given in Fig. |l]. The decay of the neutralino occurs 
at tree-level via the diagrams given in Fig. 0. 

Like-sign dileptons can also be produced in resonant charged slepton production with 
a supersymmetric gauge decay of the slepton to a chargino and neutrino, xt^e- The 

chargino can then decay xt ~^ ^^'^eXi- Again, given the majorana nature of the neutralino, 
it can decay to give a like-sign dilepton pair. 

The production of like-sign dileptons is also possible in resonant sneutrino production 
followed by a supersymmetric gauge decay to a chargino and a charged lepton, i> — > i~Xi- 
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Figure 1: Production of ^(^t^ . 



This can be followed by xt ~^ QQ'Xi? the neutralino can then decay as in Fig.|^ to give a 
like-sign dilepton pair. 

All the resonant production mechanisms and the decays of the SUSY particles have 
been included in the HERWIG event generator EM. The implementation of both R-parity 



conserving and R-parity violating SUSY is described in ||2^, the matrix elements used for 
the various processes are given in [[l2| . 

We will only consider one of the ^p Yukawa couplings to be non-zero at a time. We 
shall focus on A'211, which leads to resonant smuon production. The production cross- 
section depends quadratically on the ^p Yukawa coupling. The low-energy bound is given 
by 



(2) 



from the ratio Rj, = T{7i — >• eh'e)/T{7[ — >• fiu^) The bound on the coupling A'm from 

neutrino- less double beta decay 1|,|2^ is very strict and basically excludes an observable 
signal. For higher generation couplings Agj^ the cross section is suppressed by low parton 
luminosities. We do not consider the production of r leptons. 

As we are considering a dominant A211 coupling the leptons produced in the neutralino 
decays and the hard processes will be muons. We will therefore require throughout that 
both leptons are muons because this reduces the background, where electrons and muons 
are produced with equal probability, with respect to the signal. This typically reduces the 
Standard Model background by a factor of four while leaving the dominant signal process 
almost unaffected. It will lead to some reduction of the signal from channels where some 
of the leptons are produced in cascade decays from the decay of a W or Z boson. 

The signal has a number of features, in addition to the presence of a like-sign dilepton 
pair, which will enable us to extract it above the background: 

• Provided that the difference between the slepton and the neutralino/chargino masses 
is large enough both the leptons will have a high transverse momentum, pt, and be 
well isolated. 

• As the neutralino decays inside the detector, for this signature, there will be little 
missing transverse energy, ^t, in the event. Any will come from semi-leptonic 
hadron decays or from cascade decays following the production of a chargino or one 
of the heavier neutralinos. 
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Figure 2: Feynman diagrams for the decay x° ~^ £^du. The neutrahno is a Majorana 
fermion and decays to the charge conjugate final state as well. There is a further decay 
mode x° vdd. 



• The presence of a third lepton can only come from semi-leptonic hadron decays, or 
in SUSY cascade decays if a chargino or one of the heavier neutralinos is produced. 

• The presence of two hard jets from the decay of the neutralino. 

The cross section for the signal processes and the acceptance^ will depend upon the 
various SUSY parameters. Due to the large number of parameters we will use the standard 
minimal SUGRA scenario where the soft SUSY breaking masses for the gauginos (M1/2) 
and scalars (Mq), and the tri-linear SUSY breaking terms {Aq) are universal at the GUT 
scale. In addition we require radiative electroweak symmetry breaking. This leaves five 
parameters M1/2, Mq, Aq, tan/5 and sgn/i. 

We have performed a scan in Mq and M1/2 with = GeV for two different values of 
tan (3 and both values of sgn /x. The masses of the left-handed smuon and the lightest neu- 
tralino are shown in Fig.^. There are regions in these plots which we have not considered 
either due to the lack of radiative electroweak symmetry breaking, or because the lightest 
neutralino is not the lightest supersymmetric particle (LSP). In the MSSM, the LSP must 
be a neutral colour singlet [^, from cosmological bounds on electric- or colour-charged 



stable relics. However if R-parity is violated the LSP can decay and these bounds no longer 
apply. We should therefore consider cases where one of the other SUSY particles is the 
LSP. We have only considered the case where the neutralino is the LSP for two reasons: 

1. Given the unification of the SUSY breaking parameters at the GUT scale it is hard to 
find points in parameter space where the lightest neutralino is not the LSP without 
the lightest neutralino becoming heavier than the sleptons, which tend to be the 
lightest sfermions in these models. If the neutralino is heavier than the sleptons the 
resonance will not be accessible for the supersymmetric gauge decay modes we are 
considering and the slepton will decay via Jlp modes. 

2. The ISAJET code for the running of the couplings and the calculation of the MSSM 
decay modes only works when the neutralino is the LSP. 

The plots in Fig. |^ also include the current experimental limits on the SUSY parameters 
from LEP. This experimentally excluded region comes from two sources: the region at large 
Mq is excluded by the limit on the cross section for chargino pair production from [^] and 

^We define the acceptance to be the fraction of signal events which pass the cuts. 
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(a) tan/S^g sgn/2>0 (b) tan|S = 2 sgn/i,<0 
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(c) tanjS=10 sgn/i,>0 (d) tan|S'=10 sgnycx<0 
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Figure 3: Contours showing the hghtest neutrahno mass, sohd hues, and the hl mass, 
dashed hues, in the Mq, M1/2 plane with Aq = GeV for different values of tan/3 and 



sgn /X. The hatched regions at small Mq are excluded by the requirement that the Xi 
be the LSP. The region at large Mq and tan/5 is excluded because there is no radiative 
electroweak symmetry breaking. The vertically striped region is excluded by the LEP 
experiments. This was obtained using the limits on the chargino ||2^ and smuon |^| 
production cross sections, and the chargino mass pO]. This analysis was performed using 



ISAJET 7.48 31 
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the limit on the chargino mass from 
on the production of smuons from 
cross section from 



30 



29 



28 



the region at small Mq is excluded by the limit 
There is also a limit on the neutralino production 
however for most of the SUGRA parameter space this is weaker 
than the limit on chargino pair production. The gap in the excluded region between Mq of 
about 50 GeV and 100 GeV is due to the presence of a destructive interference between the 
t-channel sneutrino exchange and the s-channel photon and Z exchanges in the chargino 
production cross section in e^e~ collisions. 

The limit on the coupling A'211 is shown in Fig. ^. As can be seen from Figs. ^ and ^ 
the limit on the coupling is fairly weak for large regions of parameter space, even when the 
smuon is relatively light. This is due to the squark masses, upon which the limit depends, 
being larger than the slepton masses, in the SUGRA models (c./. Eq.^). 

The signature we are considering requires the neutralino to decay inside the detector. 
In practice, if the neutralino decays more than a few centimeters from the primary inter- 
action point a different analysis including the displaced vertices would be necessary. The 
neutralino decay length is shown in Fig. ^ and is small for all the currently allowed values 
of the SUGRA parameters. There will however be a lower limit on the couplings which 

/2 



can be probed using this process as the decay length ~ 1/ A'211 HI 



3 Backgrounds 

3.1 Standard Model Backgrounds 

The dominant Standard Model backgrounds to like-sign dilepton production come from: 

• Gauge boson pair production, i.e. production of WZ or ZZ followed by leptonic decays 
with some of the leptons not being detected. 

• tt production. Either the t or t decays semi-leptonically, giving one lepton. The sec- 
ond top decays hadronically. A second lepton with the same charge can be produced 
in a semi-leptonic decay of the bottom hadron formed in the decay of the second top, 
i.e. 

t W+b yU+l7^b, 

t — > W^b qqb, b jJi^u^c. (3) 

• bb production. If either of these quarks hadronizes to form a ^ meson this can mix 
to give a B^^. This means that if both the bottom hadrons decay semi-leptonically 
the leptons will have the same charge as they are both coming from either b or b 
decays. 

• Single top production. A single top quark can be produced together with a b quark 
by either an s- or t-channel W exchange. This can give one charged lepton from the 
top decay, and a second lepton with the same charge from the decay of the meson 
formed after the b quark hadronizes. 
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(a) tanjS = 2 sgn/^>0 



(b) tan|S = 2 sgn/i,<0 
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(c) tanj8=10 sgn/i->0 



(d) tanj6'=10 sgn/x<0 
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Figure 4: Contours showing the hmit on the Yukawa couphng A'211 in the Mq, M1/2 
plane for Aq = GeV and different values of tan/3 and sgn/z. The striped and hatched 
regions are the same as in Fig.^ 
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(a) tanjS = 2 sgn/^>0 (b) tan|S = 2 sgn/i,<0 
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(c) tanj8=10 sgn/i->0 (d) tan|S'=10 sgn/x<0 
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Figure 5: Contours showing the decay length of a neutrahno produced in the decay of an 
on-mass-shell slepton in the Mq, M1/2 plane for Aq = GeV, A'211 = 10~^ and different 
values of tan/3 and sgn/i. The striped and hatched regions are the same as in Fig.|^. 
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Non-physics backgrounds. There are two major sources: (i) from misidentifying the 
charge of a lepton, e.g. in Drell-Yan production, and (ii) from incorrectly identifying 
an isolated hadron as a lepton. This means that there is a major source of background 
from W production with an additional jet faking a lepton. 



These processes have been extensively studied |]33|- ^] as they are also the major back- 



grounds to the production of like-sign dileptons in the MSSM. The first studies of like-sign 
dilepton production at the LHC ||3^ only considered the background from heavy quark 



production, i.e. tt and bb production. More recent studies for both the LHC [pq-41| and 



Run II of the Tevatron have also considered the background from gauge boson 



pair production. In addition the Tevatron studies |p2|-|45[| have included the non-physics 
backgrounds. We have considered all the physics backgrounds, from both heavy quark pro- 
duction and gauge boson pair production, but have neglected the non-physics backgrounds 
which would require a full simulation of the detector. As we discuss below, since our signal 
is different, the optimal cuts are also different in our case. 

In these studies a number of different cuts have been used to suppress the backgrounds. 
These cuts can be split into two groups, firstly those cuts which are designed to reduce the 
background from heavy quark production: 

• A cut on the of the leptons requiring 

p'^^'^^ > pCUT_ (4) 

The values of p^^"^ for Tevatron studies have been between 5 and 20 GeV. Higher 
values, between 20 and 50 GeV, have usually been used in LHC simulations. 

• A cut requiring that the leptons are isolated, i.e. imposing a cut on the transverse 
energy, E^'^ , in a cone about the direction of the lepton such that 

E^^ < Eo. (5) 

Eq has usually been taken to be less than 5 GeV for Tevatron simulations and between 
5 and 10 GeV for LHC studies. The radius of the cone is usually taken to be 

AR = v/A02 + Ar]'^ < 0.4, (6) 

where A0 is the azimuthal angle and At] the pseudo-rapidity of the particles with 
respect to the lepton. 



It was shown in jS^] that these cuts can reduce the background from heavy quark production 
by several orders of magnitude. Any high pt lepton from a bottom hadron decay must 
come from a high pt hadron. This is due to the small mass of the bottom hadron relative 
to the lepton pt which means the lepton will be travelling in the same direction as the 
other decay products Hence the isolation and pt cuts remove the majority of these 



events. 

The analyses of pn|-|15[| then imposed further cuts to reduce the backgrounds from 
gauge boson pair production, which is the major contribution to the SM background after 
the imposition of the isolation and Pt cuts: 
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A cut on the invariant mass, m£+£-, of any pair of opposite sign same flavour (OSSF) 
leptons to remove those leptons coming from Z decays, i.e. 

|Mz-m,+,-| < m,^+UT^ (7) 
was used in the analyses of [^2],^,^ . 



Instead of a cut on the mass of OSSF lepton pairs some analyses considered a veto 
on the presence of an OSSF lepton pair in the event. 



In a cut on the transverse mass was imposed to reject leptons which come 

from the decays of W bosons. The transverse mass, M^, of a lepton neutrino pair is 
given by 

M| = 2|pTjbrJ(l-cosA0,,), (8) 

where pt^ is the transverse momentum of the charged lepton, pt„ is the transverse 
momentum of the neutrino (assumed to be the total missing transverse momentum 
in the event) and A0^j, is the azimuthal angle between the lepton and the neutrino, 
i.e. the missing momentum in the event. This cut is applied to both of the like-sign 
leptons in the event to reject events in which either of them came from the decay of 
a W boson. A cut removing events with 60 GeV < Mt < 85 GeV was used in |^ 
to reduce the background from WW and WZ production. 



• For the MSSM signatures considered in [^^-p5| there is missing transverse energy, 
^T, due to the LSP escaping from the detector. This allowed them to impose a cut 
on the ^T, > Ej:^^, to reduce the background. 

There are however differences between the MSSM signatures which were considered 
m and the processes we are considering here. In particular as the LSP decays, 

there will be little missing transverse energy in the events. This means that instead of 
a cut requiring the to be above some value we will consider a cut requiring the to 
be less than some value, i.e. 

< E^""^. (9) 

This cut will remove events from some of the possible resonant production mechanisms, 
i. e. those channels where a neutrino is produced in either the slepton decay or the cascade 
decay of a chargino, or one of the heavier neutralinos, to the lightest neutralino. However 
it will not affect the decay of a charged slepton to a neutralino which is the dominant 
production mechanism over most of the SUSY parameter space. 

Similarly, the signal we are considering in general will not contain more than two 
leptons. Further leptons can only come from cascade decays following the production of 
either a chargino or one of the heavier neutralinos, or from semi-leptonic hadron decays. 
This means that instead of the cut on the invariant mass of OSSF lepton pairs we will only 
consider the effect of a veto on the presence of OSSF pairs. This veto was considered in 



but for the MSSM signal considered there it removed more signal than background. 
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3.2 SUSY backgrounds 

So far we have neglected what may be the major source of background to this process, 
i.e. supersymmetric particle pair production. If we only consider small couplings the 
dominant effect in sparticle pair production is that the LSP produced at the end of the 
cascade decays of the other SUSY particles will decay. For large couplings the cascade 
decay chains can also be affected by the heavier SUSY particles decaying via ^p modes, 
which we will not consider here.0 The LSP will decay giving a quark- ant iquark pair and 
either a charged lepton or a neutrino. There will usually be two LSPs in each event, 
one from the decay chain of each of the sparticles produced in the hard collision. This 
means that they can both decay to give leptons with the same charge. Leptons can also 
be produced in the cascade decays. These processes will therefore be a major background 
to like-sign dilepton production via resonant slepton production. 

The cuts which were intended to reduce the Standard Model background will also 
significantly reduce the background from sparticle pair production. However we will need 
to impose additional cuts to suppress this background. In the signal events there will be 
at least two high pt jets from the neutralino decay, there may be more jets from either 
initial-state QCD radiation or radiation from quarks produced in the neutralino decay. In 
the dominant production mechanism, i.e. jl ^ f^~Xiy this will be the only source of jets, 
however additional jets can be produced in the cascade SUSY decays if a chargino or one 
of the heavier neutralinos is produced. In the SUSY background there will be at least four 
high Pt jets from the neutralino decays, plus other jets formed in the decays of the coloured 
sparticles which are predominantly formed in hadron-hadron collisions. This suggests two 
possible strategies for reducing the sparticle pair production background: 

1. A cut such that there are at most 2 or 3 jets (allowing for some QCD radiation) 
above a given pt- This will reduce the SUSY background which typically has more 
than four high px jets. 

2. A cut such that there are exactly two jets, or only two or three jets above a given pt- 
This will reduce the gauge boson pair background where typically the only jets come 
from initial-state radiation, as well as the background from sparticle pair production. 

In practice we would use a much higher momentum cut in the first case, as we only need 
to ensure that the cut is sufficiently high that most of the sparticle pair production events 
give more than 2 or 3 jets above the cut. However with the second cut we need to ensure 
that the jets in the signal have sufficiently high px to pass the cut as well. In practice 
we found that the first cut significantly reduced the sparticle pair production background 
while having little effect on the signal, while the second cut dramatically reduced the signal 
as well. In the next section we will consider the effects of cut 1. on both the signal and 
background at Run II of the Tevatron and the LHC 

^These additional decays are included in HERWIG6.1. 
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4 Simulations 



HERWIG 6.1 was used to simulate the signal and the backgrounds from sparticle pair, 
tt, bb and single top production. HERWIG does not include gauge boson pair produc- 
tion in hadron-hadron collisions and we therefore used PYTHIA 6.1 [0 to simulate this 
background. The simulation of the signal includes all the non-^p decay modes given in 
Table |1[ We used a cone algorithm with R = 0.4 radians for all the jet reconstructions. 
The algorithm is similar to that used by CDF, apart from using the midpoints between two 
particles as a seed for the algorithm in addition to the particles themselves. The inclusion 
of the midpoints as seeds improves the infra-red safety of the cone algorithm. 

Due to the large cross sections for some of the Standard Model backgrounds before any 
cuts we imposed parton-level cuts and forced certain decay modes in order to simulate a 
sufficient number of events with the resources available. We designed these cuts in such a 
way that hopefully they are weaker than any final cut we apply, so that we do not lose any 
of the events that would pass the final cuts. We imposed the following cuts for the various 
backgrounds: 

• bb production. We forced the B hadrons produced by the hadronization to decay 
semi-leptonically. This neglects the production of leptons in charm decays which has 
a higher cross section but which we would expect to have a lower pt and be less well 
isolated than those leptons produced in bottom decays. If there was only one ^ 
meson in the event this was forced to mix. When there was more than one B^ ^ meson 
then one of them was forced to mix and the others were forced not to mix. Similarly 
we imposed a parton-level cut on the transverse momentum of the initial b and b, 
Pt^ > p^^^°^. This parton-level cut should not affect the background provided that 
we impose a cut on the transverse momentum of the leptons produced in the decay, 

lepton ^ parton 

Pt > Pt 

• tt production. While not as large as the bb production cross section the cross section 
for tt is large, particularly at the LHC. We improved the efficiency by forcing one of 
the top quarks in each event to decay semi-leptonically, again this neglects events in 
which there are leptons from charm decay. However we did not impose a cut on the 
Pt of the top quarks as due to the large top quark mass even relatively low pt top 
quarks can give high pt leptons. 

• Single top production. While the cross section for this process is relatively small 
compared to the heavy quark pair production cross sections we still forced the top to 
decay semi-leptonically as above to reduce the number of events we need to simulate. 

• Gauge Boson Pair Production. The cross sections for these processes are relatively 
small and it was not necessary to impose any parton-level cuts, or force particular 
decay modes. 

Where possible the results of the Monte Carlo simulations have been normalized by 
using next-to-leading-order cross sections for the various background processes. We used 
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the next-to-leading-order calculation of for gauge boson pair production. The tt sim- 
ulations were normalized using the next-to-leading-order with next-to-leading-log resum- 
mation calculation from [I^. 

The calculation of a next-to-leading-order cross section for bb production is more prob- 
lematic due to the parton-level cuts we imposed on the simulated events. There are a range 
of possible options for applying the pt cut we imposed on the bottom quark at next-to- 
leading order. At leading order the transverse momenta of the quarks are identical and 
therefore the cut requires them both to have transverse momentum > Pj^"^ ■ However 
at next-to-leading order, due to gluon radiation, the transverse momenta of the quarks are 
no longer equal. Therefore a cut on for example the pt of the hardest quark, px^ > Pj^"^ , 
together with a cut on the lower px quark, pt2 > p^^^ — with any positive value of 
6 < p^^"^ is the same as the leading-order cut we applied. Given that we need a high 
transverse momentum bottom hadron to give a high p^ lepton and only events with two 
such high Pt leptons will contribute to the background a cut requiring both bottom quarks 
to have px > Pj^^: i.e. 6 = 0, is most appropriate. However at this point the perturbation 
theory is unreliable and for the cuts we applied the next-to-leading-order cross section 
is smaller than the leading-order result. We therefore applied the cut pt^ > pj^"^ with no 
cut on the softer bottom as this avoids the point at which the perturbative expansion is un- 
reliable, i.e. 6 = p^^"^. We used the program of ||51|] to calculate the next-to-leading-order 
cross section with these cuts. 

All of the simulations and SUSY cross section calculations used the latest MRS parton 



distribution set [§2|, as did the calculation of the single top production cross section. 
The parton distribution sets used in the various next-to-leading-order cross sections are 
described in the relevant papers. 

We can now study the signal and background in more detail for both the Tevatron and 
the LHC This is followed by a discussion of methods to reconstruct the masses of both 
the lightest neutralino and the resonant slepton. 



4.1 Tevatron 

The cross section for the production of a neutralino and a charged lepton, which is the 
dominant production mechanism, is shown in Fig. |^ in the Mq, M1/2 plane with Aq = GeV 
and A'211 = 10~^ for two different values of tan f3 and both values of sgn /z. The total cross 
section for resonant slepton production followed by supersymmetric gauge decays is shown 
in Fig^ As can be seen the total cross section closely follows the slepton mass contours 
shown in Fig. ^ whereas the neutralino lepton cross section falls-off more quickly at small 
Ml/2 where the charginos and heavier neutralinos can be produced. This cross section 
must be multiplied by the the acceptance, i.e. the fraction of signal events which pass the 
cuts, to give the number of observable events in the experiment. 

We will first discuss the cuts applied to reduce the various Standard Model backgrounds 
and then present the discovery potential at the Tevatron if we only consider these back- 
grounds. This is followed by a discussion of the additional cuts needed to reduce the 
background from sparticle pair production. 
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(a) tan|S = 2 sgn/i,>0 (b) tan|5' = 2 sgn/i,<0 
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(c) tan|S=10 sgn/x>0 (d) tan/3=10 sgn/x<0 
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Figure 6: Contours showing the cross section for the production of a neutrahno and a 
charged lepton at Run II of the Tevatron in the Mq, M1/2 plane for Aq = GeV and 
-^'211 = 10~^ with different values of tan/3 and sgn/x. The striped and hatched regions are 
described in the caption of Fig.||. 



14 




(c) tan|S=10 sgn/x>0 (d) tan/3=10 sgn/x<0 
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Figure 7: Contours showing the cross section for the production of a slepton followed 
by a supersymmetric gauge decay at Run II of the Tevatron in the Mq, M1/2 plane for 
Aq = GeV and A'211 = 10"^ with different values of tan/3 and sgn/i. The striped and 
hatched regions are described in the caption of Fig. ^ 



15 



(a) Top production (b) Bottom production 

I I I I I I I I I I I I I I I I I I I I I I I 1 I I I I I I I I I I I I I I I I I I I I I I I 




5 10 15 20 25 30 5 10 15 20 25 30 

of lower lepton/GeV P^ of lower Pj lepton/GeV 



Figure 8: Effect of tlie isolation cuts on tlie tt and bb backgrounds at Run II of the 
Tevatron. The dashed line gives the background before any cuts, the solid line shows the 
effect of the isolation cut described in the text. The dot-dash line gives the effect of all the 
cuts, including the cut on the number of jets, for the bb background this is indistinguishable 
from the solid line. The distributions have been normalized to 2 fb~^ integrated luminosity. 
As a parton-level cut of 20 GeV was used in simulating the bb background the results below 
20 GeV for the lepton pt do not correspond to the full number of background events. 



4.1.1 Standard Model Backgrounds 

We have applied the following cuts to reduce the Standard Model backgrounds: 

1. A cut requiring all the leptons to be in the central region of the detector, \r]\ < 2.0. 

2. A cut on the transverse momentum of each of the like-sign leptons pJ^P*°° > 20 GeV, 
this is the lowest cut we could apply given our parton level cut of p^'^^"'^ = 20 GeV, 
for the bb background. 

3. An isolation cut on the like-sign leptons so that the transverse energy in a cone of 
radius, R = a/ A(f)'^ + Ar/^ = 0.4, about the direction of the lepton is less than 5 GeV. 

4. We reject events with 60 GeV < Mt < 85 GeV (c./. Equ.^.) This cut is applied to 
both of the like-sign leptons. 

5. A veto on the presence of a lepton in the event with the same flavour but opposite 
charge as either of the leptons in the like-sign pair if the lepton has pt > 10 GeV 
and passes the same isolation cut as the like-sign leptons. 
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Number of Events 








After isolation 




Background 


After cut 


After isolation 


Pt, Mtj cuts 


After all cuts 


Process 




and Pt cuts 


and OSSF lepton 
veto. 




WW 


0.23 ±0.02 


0.0 ±0.003 


0.0 ±0.003 


0.0 ±0.003 


WZ 


9.96 ±0.09 


7.93 ±0.08 


0.21 ±0.01 


0.21 ±0.01 


ZZ 


2.05 ±0.03 


1.61 ±0.02 


0.069 ±0.005 


0.069 ±0.005 


tt 


34.1 ± 1.6 


0.028 ±0.002 


0.0032 ±0.0006 


0.0016 ±0.0004 


bb 


(3.4 ± 1.3) X 10^ 


0.15 ±0.16 


0.15 ±0.16 


0.15 ±0.16 


Single Top 


1.77 ±0.01 


0.0014 ±0.0003 


0.0001 ±0.0001 


0.0001 ±0.0001 


Total 


(3.4 ± 1.3) X 10^ 


9.72 ±0.18 


0.43 ±0.16 


0.43 ±0.16 



Table 2: Backgrounds to like-sign dilepton production at Run II of the Tevatron. The 
numbers of events are based on an integrated luminosity of 2 fb~^. We have calculated an 
error on the cross section by varying the scale between half and twice the hard scale, apart 
from the gauge boson pair production cross section where we do not have this information 
and the effect of varying the scale is expected to be small anyway. The error on the number 
of events is then the error on the cross section and the statistical error from the Monte 
Carlo simulation added in quadrature. If no events passed the cut the statistical error was 
taken to be the same as if one event had passed the cuts. 



6. A cut on the missing transverse energy, < 20 GeV. In our analysis we have 
assumed that the missing transverse energy is solely due to the momenta of the 
neutrinos produced. 

The first two cuts are designed to reduce the background from heavy quark production, 
which is the major source of background before any cuts. As can be seen in Fig. ^ the cut 
on the transverse momentum, px > 20 GeV, reduces the background by several orders of 
magnitude and the addition of the isolation cut reduces this background to less than one 
event at Run II of the Tevatron. 

The remaining cuts reduce the background from gauge boson pair production which 
dominates the Standard Model background after the imposition of the isolation and pt cuts. 
Fig.^ shows that the cut on the transverse mass, i.e. removing the region 
60 GeV < Mt < 85 GeV, for each of the like-sign leptons will reduce the background from 
WZ production, which is the largest of the gauge boson pair production backgrounds. 
Similarly the cut on the missing transverse energy, ^t < 20 GeV, will significantly reduce 
the background from WZ production as can be seen in Fig. Rib. The effect of these cuts is 



shown in Fig. 10. Our simulations do not include W7 production which was recently found 



to be a major source of background to like-sign dilepton production in the MSSM ^3 
However, we would expect this to be less important here due to the different cuts we have 
applied. In particular, in the analysis of |^ a cut on the invariant mass of OSSF lepton 
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Figure 9: The transverse mass and missing transverse energy in WZ events at Run II of 
the Tevatron. The distributions are normahzed to 2 fb~^ luminosity. 
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(b) ZZ production 
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Figure 10: Effect of the isolation cuts on the WZ and ZZ backgrounds at Run II of the 

Tevatron. The dashed line gives the background before any cuts, the solid line shows the 
effect of the isolation cut described in the text. The dot-dash line gives the effect of all the 
cuts, including the cut on the number of jets. The distributions are normalized to 2 fb^^ 
luminosity. 



18 



pairs was imposed to reduce the background from Z production, rather than the veto on 
the presence of OSSF leptons which we have used. The veto and missing transverse energy 
cut will reduce the number of events from W7 production while the cut on the invariant 
mass will not suppress this background. 

The effect of all these cuts on the background is given in Table |^. While the dominant 
background is from WZ production, the dominant contribution to the error comes from bb 
production. This can only be reduced with a significantly more elaborate simulation. 

We also need to calculate the acceptance of these cuts for the signal. To estimate the 
acceptance of the cuts we simulated twenty thousand events at one hundred points in the 
Mo, Ml/2 plane. The acceptance was then interpolated between the points and multiplied 
by the cross section to give the number of signal events passing the cuts. This can then be 
used to find the discovery potential by comparing the number of signal events with a 5a 
statistical fluctuation of the background. 

Fig.jT^ shows the discovery potential, for different integrated luminosities and a fixed 
value of the coupling A'211 = 10~^, if we only consider the Standard Model backgrounds 
and apply the cuts we described to suppress these backgrounds. Fig. O shows the effect 



of varying the coupling for 2 fb~^ integrated luminosity with the same assumptions. 

We have taken a conservative approach where the background is taken to be one stan- 
dard deviation above the central value. Due to the small number of events we must use 
Poisson statistics, this means that for the Standard Model background given in Table ^, 
7 events corresponds to the same probability as a 5a statistical fluctuation for a Gaussian 
distribution. Here we have used 0.59 events as a conservative estimate of the background, 
i.e. a la fluctuation above our central value. 

For small couplings there are regions, for low M1/2, which cannot be observed even 
for small smuon masses. For larger couplings however we can probe masses of up to 
430 (500) GeV for a coupling A'211 = 0.05 with 2 (10) fb~^ integrated luminosity. Masses 
of up to 520(600) GeV can be observed for a coupling of A'211 = 0.1 with 2(10) fb~^ 
integrated luminosity. 

We have neglected the non-physics background. This mainly comes from fake leptons 
in W production. The cuts we have applied to reduce the gauge boson pair production 
backgrounds, in particular the cuts on the missing transverse energy and the transverse 
mass, will significantly reduce this background. It was noted in that the cross section 
falls extremely quickly with the pt of the fake lepton, and hence the large px cut we have 
imposed will suppress this background. A proper treatment of the non-physics background 
requires a simulation of the detector. This is beyond the scope of this paper. 

In Figs. and |12| the background from sparticle pair production is neglected. This 
is reasonable in an initial search where presumably an experiment would be looking for 
an excess of like-sign dilepton pairs, rather than worrying about precisely which model 
was giving the excess. If such an excess were observed, it would then be necessary to 
establish which physical processes were producing the excess. In the MSSM there are 
two possible mechanisms which could produce such an excess: either resonant sparticle 
production; or sparticle pair production followed by the decay of the LSP. We will now 
consider additional cuts which will suppress the background to resonant slepton production 



19 



(a) tan|S = 2 sgn/i,>0 
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(d) tan/S=10 sgn/x<0 
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Figure 11: Contours showing the discovery potential of the Tevatron in the Mq, M1/2 
plane for A'211 = 10~^ and Aq = GeV. These are a 5a excess of the signal above the 
background. Here we have imposed the cuts on the isolation and pt of the leptons, the 
transverse mass and the missing transverse energy described in the text, and a veto on the 
presence of OSSF leptons. We have only considered the Standard Model background. The 
striped and hatched regions are described in the caption of Fig. ^ 
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Figure 12: Contours showing the discovery potential of the Tevatron in the Mq, M1/2 
plane for Aq = GeV and 2 fb~^ integrated luminosity for different values of A'2ii- These 
are a 5a excess of the signal above the background. Here we have imposed the cuts on 
the isolation and pt of the leptons, the transverse mass and the missing transverse energy 
described in the text, and a veto on the presence of OSSF leptons. We have only considered 
the Standard Model background. The striped and hatched regions are described in the 
caption of Fig. ^. 
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from sparticle pair production and hopefully allow these two scenarios to be distinguished. 



4.1.2 SUSY backgrounds 

We have seen that by imposing cuts on the transverse momentum and isolation of the 
like-sign dileptons, the missing transverse energy, the transverse mass and the presence of 
OSSF leptons the Standard Model backgrounds can be significantly reduced. However a 
significant background from sparticle pair production still remains. We therefore imposed 
the following additional cut to reduce this background: 

• Vetoing all events when there are more than two jets each with pt > 20 GeV. 

While this cut slightly reduces the signal it also dramatically reduces the background from 
sparticle pair production. We performed a scan of the SUGRA parameter space at the 
four values of tan /3 and sgn fi considered in Section |^. We generated fifty thousand events 
at each of one hundred points in the Mq, M1/2 plane at each value of tan/3 and sgn/i, 
and then interpolated between these points as for the signal process. This allowed us to 
estimate an acceptance for the cuts which we multiplied by the sparticle pair production 
cross section to give a number of background events. 

The effect of all the cuts on the total background, i.e. the Standard Model background 
and the sparticle pair production background is shown in Fig. ^ for different integrated 
luminosities with A'211 = 10~^ and in Fig.O for an integrated luminosity of 2 fb~^ with 



different values of A'211. 

As can be seen, the effect of including the sparticle pair production background is to 
reduce the 5a discovery regions. These regions are reduced for two reasons: for large M1/2 
the additional cut removes more signal events and hence reduces the statistical significance 
of the signal; at small values of M1/2 there is a large background from sparticle pair 
production, relative to the SM background, which also reduces the statistical significance 
of the signal. However even for this relatively small value of the coupling there are large 
regions of parameter space in which a signal is visible above the background. The ratio 
of signal to background is still larger than one for most of the region where the signal is 
detectable above the background. For sgn /x > there is only a very small region at low 
Ml/2 where S/B drops below one and even here S/B > 0.5. However for sgn/i < there 
are regions of low S/B for small values of M1/2. The discovery range for these processes 
extends to larger values of M1/2 than the 5a discovery curve for sparticle pair production 
as only one sparticle is produced which requires a much lower parton-parton centre-of-mass 
energy than sparticle pair production. 

Again even for small smuon masses with low values of the Yukawa coupling there are 
regions where a signal of resonant slepton production is not visible above the background. 
However for large couplings the signal in these regions is visible above the background. For 
a coupling of A'211 = 0.05 a smuon mass of 310 (330) GeV is visible above the background 
with 2 (10) fb~^ integrated luminosity, and for a coupling of A'211 = 0.1 a smuon mass of 
400 (430) GeV is visible above the background with 2 (10) fb~^ integrated luminosity. 
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(a) tan|S = 2 sgn/i,>0 (b) tan|S' = 2 sgn/i,<0 
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Figure 13: Contours showing the discovery potential of the Tevatron in the Mq, M1/2 plane 
for A'211 = 10~^ and Aq = GeV. These are a 5a excess of the signal above the background. 
Here in addition to the cuts on the isolation and pt of the leptons, the transverse mass and 
the missing transverse energy described in the text, and a veto on the presence of OSSF 
leptons we have imposed a cut on the presence of more than two jets. This includes the 
sparticle pair production background as well as the Standard Model backgrounds. Again 
the striped and hatched regions are as described in the caption of Fig.|^. 
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(a) tan/S = 2 sgn/i,>0 



(b) tan|S = 2 sgn/i,<0 
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'c) tan/S=10 sgn/i,>0 



^d) tan/3=10 sgn/2<0 
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Figure 14: Contours showing the discovery potential of the Tevatron in the Mq, M1/2 plane 
for ^0 = GeV and an integrated luminosity of 2 fb~^ for different values of A'211. These 
are a 5a excess of the signal above the background. Here in addition to the cuts on the 
isolation and pt of the leptons, the transverse mass and the missing transverse energy 
described in the text, and a veto on the presence of OSSF leptons we have imposed a 
cut on the presence of more than two jets. This includes the sparticle pair production 
background as well as the Standard Model backgrounds. Again the striped and hatched 
regions are as described in the caption of Fig. |^. 
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4.2 LHC 



The cross section for the production of a charged lepton and a neutrahno, which is again 
the dominant production mechanism, at the LHC is shown in Fig.|l5|in the Mq, M1/2 plane 
with y4o = GeV and A'211 = 10~^ for two different values of tan (3 and both values of sgn fi. 
The total cross section for resonant slepton production followed by a supersymmetric gauge 
decay is shown in Fig.|T6|. As for the Tevatron, the total resonant slepton cross section 
closely follows the slepton mass contours whereas the cross section for neutralino lepton 
production falls-off more quickly at small M1/2 because the branching ratio for /iL — > fiXi 
is reduced due to the production of charginos and the heavier neutralinos. We adopted 
the same procedure described in Section ^?T] to estimate the acceptance of the cuts we 
have imposed. We will again first consider the cuts required to reduce the Standard Model 
backgrounds and then the additional cut used to suppress the sparticle pair production 
background. 



4.2.1 Standard Model Backgrounds 

We applied the following cuts to reduce the Standard Model backgrounds: 

1. A cut requiring all the leptons to be in the central region of the detector |?7| < 2.0. 

2. A cut on the transverse momentum of the like-sign leptons plp'^"^ > 40 GeV, this is 
the lowest cut we could apply given our parton- level cut of p"^^^"^ = 40 GeV, for the 
bb background. 

3. An isolation cut on the like-sign leptons so that the transverse energy in a cone of 
radius, R = a/ A</)2 + Ar/^ = 0.4, about the direction of the lepton is less than 5 GeV. 

4. We reject events with 60 GeV < Mx < 85 GeV (c./. Equ.^].) This cut is applied to 
both of the like-sign leptons. 

5. A veto on the presence of a lepton in the event with the same flavour but opposite 
charge as either of the leptons in the like-sign pair if the lepton has pt > 10 GeV 
and passes the same isolation cut as the like-sign leptons. 

6. A cut on the missing transverse energy, < 20 GeV. 

The first two cuts are designed to reduce the background from heavy quark, i. e. bb and tt 
production which is again the major source of backgrounds before any cuts. However, as 



can be seen in Fig. |T^, after the imposition of the pt and isolation cuts this background is 
significantly reduced. It remains the major source of the error on the background however 
due to the large cross section for bb production which makes it impossible to simulate the 
full luminosity of the LHC with the resources available. 

The remaining cuts reduce the background from gauge boson pair, particularly WZ, 
production which dominates the Standard Model background after the imposition of the 
isolation and px cuts. Fig.|TB|a shows that the cut on the transverse mass, i.e. removing the 
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(a) tanjS = 2 sgn/^>0 (b) tan|S = 2 sgnyU,<0 
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(c) tan/3^10 sgn/x>0 (d) tan/S^lO sgn/i,<0 
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Figure 15: Contours showing the cross section for the production of a neutrahno and a 
charged lepton at the LHC in the Mq, M1/2 plane for Aq = GeV and A'211 = 10^^ with 
different values of tan f3 and sgn /i. The striped and hatched regions are described in the 
caption of Fig. ^. 
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(a) tanjS = 2 sgn/^>0 (b) tan|S = 2 sgnyU,<0 
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(c) tan/3^10 sgn/x>0 (d) tan/S^lO sgn/i,<0 
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Figure 16: Contours showing the cross section for resonant slepton production followed by 
a supersymmetric gauge decay at the LHC in the Mq, M1/2 plane for Aq = GeV and 
A'211 = 10~^ with different values of tan/3 and sgn/i. The striped and hatched regions are 
described in the caption of Fig. ||. 
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(b) Bottom production 
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Figure 17: Effect of tlie isolation cuts on tlie tt and bb backgrounds at tlie LHC Tfie daslied 
line gives the background before any cuts, the solid line shows the effect of the isolation 
cut described in the text. The dot-dash line gives the effect of all the cuts, including the 
cut on the number of jets, for the bb background this is almost indistinguishable from the 
solid line. As a parton-level cut of 40 GeV was used in simulating the bb background the 
results below 40 GeV for the lepton pt do not correspond to the full number of background 
events. The distributions have been normalized to 10 fb~^ integrated luminosity. 



region 60 GeV < Mt < 85 GeV, for each of the like sign leptons will reduce the background 
from WZ production, which is the largest of the gauge boson pair production backgrounds. 
Similarly the cut on the missing transverse energy, < 20 GeV, will significantly reduce 
the background from WZ production as can be seen in Fig.|T8|b. The effect of these cuts 
is shown in Fig. |19|. Again the simulation of the gauge boson pair production backgrounds 
does not include W7 production which may be an important source of background, but 
should be significantly reduced by the cuts. 

The effect of all these cuts on the background is shown in Table ^. While the dominant 
background is from WZ production, the dominant contribution to the error comes from bb 
production. This can only be reduced with a significantly more elaborate simulation. 

This gives a total background after all the cuts of 4.9 ±1.6 events, for 10 fb~^ integrated 
luminosity. If we take a conservative approach and take a background of 6.5 events, i.e. a 
la fluctuation above the central value of our calculation a 5a statistical fluctuation would 
correspond to 16 events, for an integrated luminosity of 10 fb~^. As can be seen from 
Fig. |l^ this is a conservative upper bound. 

We adopted the same procedure described in the previous section to obtain the ac- 
ceptance for the signal given the cuts we have imposed. The discovery potential of 
the LHC is shown in Fig.EUl for A'211 = 10~^ with different integrated luminosities, and 
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(b) Missing Transverse Energy 
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Figure 18: The transverse mass and missing transverse energy in WZ events at the LHC. 
The distributions are normahzed to 10 fb~^ luminosity. 
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(a) WZ production 
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(b) ZZ production 
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Figure 19: Effect of the isolation cuts on the WZ and ZZ backgrounds at the LHC. The 
dashed line gives the background before any cuts, the solid line shows the effect of the 
isolation cut described in the text. The dot-dash line gives the effect of all the cuts, 
including the cut on the number of jets. The distributions are normalized to 10 fb^^ 
luminosity. 
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Number of Events 








After isolation 




Background 


After p-p cut 


After isolation 


"Pt-) -^T) cuts 


After all cuts 


Process 




and j)t cuts 


and OSSF lepton 
veto. 




WW 


3.6 ±0.5 


0.0 ±0.06 


0.0 ±0.06 


0.0 ±0.06 


wz 


239 ±2.5 


198.6 ±2.3 


3.8 ±0.3 


3.8 ±0.3 


TIL 


55.4 ±0.7 


45.2 ±0.6 


1.04 ±0.09 


1.04 ±0.09 


tt 


(4.4 ±0.2) X 10^ 


0.28 ±0.13 


0.06 ±0.06 


0.06 ±0.06 


bb 


(4.4 ±0.9) X 10^ 


0.0 ±1.6 


0.0 ±1.6 


0.0 ± 1.6 


Single Top 


36.6 ± 1.5 


0.0 ±0.004 


0.0 ±0.004 


0.0 ±0.004 


Total 


(4.9 ±0.9) X 10^ 


244.1 ±2.9 


4.9 ± 1.6 


4.9 ± 1.6 



Table 3: Backgrounds to like-sign dilepton production at the LHC. The numbers of events 
are based on an integrated luminosity of 10 fb~^. Again we have calculated an error on 
the cross section by varying the scale between half and twice the hard scale, apart from 
the gauge boson pair cross section where we do not have this information and the effect of 
varying the scale is expected to be small anyway. The error on the number of events is then 
the error on the cross section and the statistical error from the Monte Carlo simulation 
added in quadrature. If no events passed the cut the statistical error was taken to be the 
same as if one event had passed the cuts. 

in Fig. for an integrated luminosity of 10 fb^^ with different values of A'211. This is 
considerably greater than the discovery potential of the Tevatron at high Mq and M1/2 
due to the larger centre-of-mass energy of the LHC and hence the larger cross sections. 
In particular the search potential with one years running at high luminosity, i.e. 100 fb~^, 
covers large regions of the Mq, M1/2 plane. At very large values of M1/2 this extends to 
regions where the sparticle pair production cross section is small due to the high masses 
of the SUSY particles. 

At small values of Mq and M1/2 there are regions of SUGRA parameter space which 
cannot be probed for any couplings due to the cuts we have applied. However these regions 
can be excluded by either LEP or the Tevatron and we will therefore ignore them in the rest 
of this analysis. If we neglect these regions the LHC can observe a resonant slepton with 
a mass of up to 510 (710) GeV for a coupling of A'211 = 0.02 with 10 (100) fb~^ integrated 
luminosity and for a coupling A'211 = 0.05 a resonant slepton can be observed with a mass 
of 750 (950) GeV with 10 (100) fb"^ integrated luminosity. 

As with the Tevatron analysis we have neglected the background from sparticle pair 
production which is reasonable in an initial search for an excess of like-sign dilepton pairs 
over the Standard Model expectation. If such an excess were observed it would then be 
necessary to establish which process was producing the effect. In the next section, we will 
present the cuts necessary to reduce the background from sparticle pair production and 
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Figure 20: Contours showing the discovery potential of the LHC in the Mq, M1/2 plane for 
-^'211 = 10^^ and Aq = GeV. These are a 5a excess of the signal above the background. 
Here we have imposed cuts on the isolation and pt of the leptons, the transverse mass 
and the missing transverse energy described in the text, and a veto on the presence of 
OSSF leptons. We have only considered the Standard Model background. The striped and 
hatched regions are described in the caption of Fig. ^ 
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(a) tan/S^g sgn/2>0 (b) tan|S = 2 sgn/i,<0 
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(c) tan/?=10 sgn/x>0 (d) tan/S'^10 sgn/2<0 
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Figure 21: Contours showing the discovery potential of the LHC in the Mq, M1/2 plane 
for y4o = GeV and an integrated luminosity of 10 fb~^ with different values of A'211. 
These are a 5a excess of the signal above the background. Here we have imposed cuts on 
the isolation and Pt of the leptons, the transverse mass and the missing transverse energy 
described in the text, and a veto on the presence of OSSF leptons. We have only considered 
the Standard Model background. The striped and hatched regions are described in the 
caption of Fig. ^. 
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enable a resonant slepton signature to be established over all the backgrounds. 



4.2.2 SUSY backgrounds 

The background from sparticle pair production is much more important at the LHC than 
the Tevatron given the much higher cross sections for sparticle pair production. The nature 
of the sparticles produced is also different due to the higher energies. In the regions of 
SUGRA parameter space where the pair production cross section at the Tevatron is large 
the lightest SUSY particles, i.e. the electroweak gauginos, are predominately produced. 
This is because the production of the heavier squarks and gluinos is suppressed by the 
higher parton-parton centre-of-mass energies required. However given the higher centre- 
of-mass energy of the LHC the production of the coloured sparticles which occurs via the 
strong interaction dominates the cross section. This means that a cut on the number 
of jets in an event will be more effective in reducing the background from sparticle pair 
production. The following cut was applied: 

• Vetoing all events when there are more than two jets each with > 50 GeV. 

As the sparticle pair production background at the LHC is larger than at the Tevatron 
we needed to simulate more events in order to obtain a reliable estimate of the acceptance 
for this background. This meant that with the available resources we were forced to 
use a coarser scan of the Mq, M1/2 plane. We used a 16 point grid and simulated a 
different number of events at each point depending on the value of M1/2 as the sparticle 
pair production cross section is decreases as M1/2 increases. We simulated 10^, 10^, 10^, and 
10^ events at each of four points for M1/2 = 875 GeV, M1/2 = 625 GeV, M1/2 = 375 GeV 
and Ml/2 = 125 GeV, respectively. 

Our estimate of the discovery potential of the LHC after this cut, including all the 
backgrounds is given in Fig.|22|, for A211 = 10^^ with different integrated luminosities, and 
in Fig.^ for an integrated luminosity of 10 fb~ with different values of the Yukawa 
couplings. As with the Tevatron the discovery potential is reduced in two regions relative 



to that shown in Figs.^ and |21|. The reduction at high M1/2 is due to the smaller signal 
after the imposition of the jet cut, whereas the reduction at small M1/2 is due to the larger 
background. However there are still large regions of SUGRA parameter space in which 
this process is visible above the background, particularly at large M1/2 where there is less 
sensitivity to sparticle pair production. Due to the larger backgrounds from sparticle pair 
production there are large regions where the signal is detectable above the background 
although the S/B is small. In general there is a region extending around 200 GeV in M1/2 
above the bottom of the 5a discovery contour for 100 fb~^ where S/B < 1. 

If we again neglect the region at small Mq and M1/2, which cannot be probed for any 
Yukawa couplings given our cuts, we can obtain a mass reach for the LHC, with a given ^p 
Yukawa coupling. Slepton masses of 460 (600) GeV can be discovered with 10 (100) fb~^ 
integrated luminosity for a coupling A'211 = 0.05 and slepton masses of 610 (820) GeV can 
be observed with 10 (100) fb~^ integrated luminosity for a coupling A'211 = 0.1. 
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Figure 22: Contours showing the discovery potential of the LHC in the Mq, M1/2 plane for 
-^'211 = 10~^ and Aq = GeV. These are a 5a excess of the signal above the background. 
Here in addition to the cuts on the isolation and pt of the leptons, the transverse mass 
and the missing transverse energy described in the text, and a veto on the presence of 
OSSF leptons we have imposed a cut on the presence of more than two jets. Here we 
have included the sparticle pair production background as well as the Standard Model 
backgrounds. The striped and hatched regions are described in the caption of Fig. ^. 
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(a) tan/S^g sgn/2>0 (b) tan|S = 2 sgn/i,<0 
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Figure 23: Contours showing the discovery potential of the LHC in the Mq, M1/2 plane 
for Aq = GeV and an integrated luminosity of 10 fb~^ with different values of A'2ii- 
These are a 5a excess of the signal above the background. Here in addition to the cuts on 
the isolation and Pt of the leptons, the transverse mass and the missing transverse energy 
described in the text, and a veto on the presence of OSSF leptons we have imposed a cut 
on the presence of more than two jets. Here we have included the sparticle pair production 
background as well as the Standard Model backgrounds. The striped and hatched regions 
are described in the caption of Fig. 
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4.3 Mass Reconstruction 



There are many possible models which lead to an excess of like-sign dilepton pairs, over the 
prediction of the Standard Model. Indeed, we have seen that within the flp extension of 
the MSSM such an excess could be due to either sparticle pair production followed by 
decays of the LSPs, or resonant charged slepton production followed by a supersymmetric 
gauge decay of the slepton. The cut on the number of jets described above gives one way 
of discriminating between these two scenarios. 

An additional method of distinguishing between these two scenarios is to try and re- 
construct the masses of the decaying sparticles for the resonant slepton production. In 
principle this is straightforward. The neutralino decay to a quark-antiquark pair and 
a charged lepton, will give two jets (or more after the emission of QCD radiation) and 
a charged lepton. These decay products should be relatively close together. Therefore 
to reconstruct the neutralino we took the highest two pt jets in the event and com- 
bined them with the charged lepton which was closest in [rj, (p) space. We only used 
events in which both jets had pr > 10 GeV in addition to passing all the cuts described, 
i. e. both the cuts required to suppress the Standard Model and SUSY backgrounds, in the 
previous sections. This then gives a neutralino candidate, the masses of these candidates 
are shown for a sample point in SUSY parameter space for both the Tevatron, Fig. p4|, 
and the LHC, Fig. ^ In both cases in addition to showing the result for the coupling 
A'211 = 10~^, we have shown a coupling such that the signal is exactly 5a above the back- 
ground at this point to show what can be seen if the signal is only just detectable. As 
can be seen in both figures the reconstructed neutralino mass is in good agreement with 
the simulated value, although the situation may be worse once detector effects have been 
included. 

We can then combine this neutralino candidate with the remaining lepton in the event 
to give a slepton candidate, under the assumption that the like-sign leptons were produced 
in the process — >■ i~^Xi. The mass distribution of these slepton candidates is shown in 
Fig.^ for the Tevatron and Fig.|2^ for the LHC. Again there is good agreement between 
the position of the peak in the distribution and the value of the smuon mass used in the 
simulation. 

The data for both the neutralino and smuon mass reconstructions is binned in 10 GeV 
bins. We have used the events in the central bin and the two bins on either side to 
reconstruct the neutralino and smuon masses. These reconstructed masses are given in 
Table As can be seen for both the points we have shown the reconstructed mass lies 
between 5 GeV and 15 GeV below the simulated sparticle mass. This is due to the loss 
of some of the energy of the jets produced in the neutralino decay from the cones used to 
define the jets. It is common to include this effect in the jet energy correction, so this shift 
would probably not be observed in a full experimental simulation. 

The agreement between the results of the simulation and the input values is good 
provided that the Standard Model background is dominant over the background from 
sparticle pair production and the lightest neutralino is predominantly produced in the 
smuon decay. This is the case at the points used in Figs.|2^p7|. At the point Mq = 50 GeV, 
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Figure 24: The reconstructed neutralino mass at the Tevatron for Mq = 50 GeV, 
Ml/2 = 250 GeV, tan/3 = 2, sgn/x > and Aq = GeV. The value of the couphng in 



(b) is chosen such that after the cuts apphed in Section O the signal is 5a above the 
background. At this point the lightest neutralino mass is M^o = 98.9 GeV. We have again 
normalized the distributions to an integrated luminosity of 2 fb~^. The dashed line shows 
the background and the solid line the sum of the signal and the background. 
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Figure 25: The reconstructed neutralino mass at the LHC for Mq = 350 GeV, 
Ml/2 = 950 GeV, tan/? = 10, sgn/i < and Aq = GeV. The value of the coupling 
in (b) is chosen such that after the cuts apphed in Section the signal is 5a above the 
background. At this point the lightest neutralino mass is M^o = 418.0 GeV. We have 
again normalized the distributions to an integrated luminosity of 10 fb^^. The dashed line 
shows the background and the solid line the sum of the signal and the background. 
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Figure 26: The reconstructed slepton mass at the Tevatron for Mq = 50 GeV, 
Ml/2 = 250 GeV, tan/? = 2, sgn/x > and Aq = GeV. The value of the couphng in 
(b) is chosen such that after the cuts apphed in Section [4.1| the signal is 5a above the back- 
ground. At this point the smuon mass is M^j^ = 189.1 GeV. We have again normalized the 
distributions to an integrated luminosity of 2 fb~^. The dashed line shows the background 
and the solid line the sum of the signal and the background. 
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Figure 27: The reconstructed slepton mass at the LHC for Mq = 350 GeV, 
Ml/2 = 950 GeV, tan/? = 10, sgn/i < and Aq = GeV. The value of the coupling 
in (b) is chosen such that after the cuts applied in Section ^ the signal is 5a above the 
background. At this point the smuon mass is M^j^ = 745.9 GeV. We have again normal- 
ized the distributions to an integrated luminosity of 10 fb~^. The dashed line shows the 
background and the solid line the sum of the signal and the background. 
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Experiment 


A'211 


Cuts 


Point 


Neutralino mass/ GeV 


Slepton mass/ GeV 


Actual 


Recon. 


Actual 


Recon. 


Tevatron 


10-2 


no 


A 


98.9 


90.3 


189.1 


181.6 


Tevatron 


5.2 X 10"^ 


no 


A 


98.9 


91.8 


189.1 


182.3 


LHC 


10-2 


no 


B 


418.0 


404.1 


745.0 


734.1 


LHC 


6.9 X 10-2 


no 


B 


418.0 


405.1 


745.0 


732.6 


LHC 


10-2 


no 


C 


147.6 


142.7 


432.0 


421.3 


LHC 


10-2 


yes 


C 


147.6 


143.4 


432.0 


423.3 



Table 4: Reconstructed neutralino and slepton masses. The following SUGRA points 
were used in these simulations: point A has Mq = 50 GeV, M1/2 = 250 GeV, tan/? = 2, 
sgn/i > and Aq = GeV; point B has Mq = 350 GeV, M1/2 = 950 GeV, tan/3 = 10, 
sgn/i < and Aq = GeV; point C has Mq = 350 GeV, M1/2 = 350 GeV, tan/? = 10, 
sgn /i < and Aq = GeV. The Tevatron and LHC results are based on 2 fb~^ and 10 fb~^ 
integrated luminosity, respectively. 



Ml/2 = 250 GeV, tan/3 = 2, sgn/x > and Aq = GeV the branching ratio for the decay 
of the smuon to the lightest neutralino is BR(/iL —>■ Xif^~^) = 98%. Similarly at the point 
Mq = 350 GeV, M1/2 = 950 GeV, tan/3 = 10, sgn/x < and Aq = GeV the dominant 
decay mode of the smuon is to the lightest neutrahno, BR(/iL xV^) = 99%. 

It can however be the case that there is a significant background from sparticle pair 
production and a substantial contribution from the production of charginos and heavier 
neutralinos. This is shown in Fig.|28|a for the neutralino mass reconstruction and Fig.|2 



for the smuon mass reconstruction. As can be seen in the Figs. Pq a and ^9p, there is a sig- 
nificant background in both distributions. At this point, i.e. A'211 = 10~2^ Mq = 350 GeV, 
Ml/2 = 350 GeV, tan/3 = 10, sgn/i < and Aq = GeV, the smuon dominantly de- 
cays to the lightest chargino, BR(/iL Xi^n) = 50.9%, with the other important decay 
modes being to the next-to-lightest neutralino, BR(/iL X2/^^) = 28.0%, and the lightest 
neutralino BR(/2l — >■ Xi/^^) = 20.9%. In the neutralino distribution there is still a peak 
at the simulated neutralino mass, although there is a large tail at higher masses. This 
tail is mainly due to the larger sparticle pair production background. The production of 
charginos and the heavier neutralinos does not significantly effect this distribution as the 
heavier gauginos will cascade decay to the LSP due to the small coupling. 

In the slepton distribution in addition to the larger background there is also a spurious 
peak in the mass distribution due to the production of the the lightest chargino and the 
X2- As we are not including all the decay products of the chargino or X2 ^^e mass 
reconstruction the reconstructed slepton mass in signal events where a chargino or heavier 
neutralino is produced is below the true value. 

We can improve the extraction of both the neutralino and slepton masses by imposing 
some additional cuts. The aim of these cuts is to require that the neutralino candidate 
and the second lepton are produced back-to-back, because in most of the signal events 
the resonant smuon will only have a small transverse momentum due to the initial-state 
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parton shower. We therefore require the transverse momenta of the neutrahno candidate 
and the second lepton to satisfy ~V^t \ < 20 GeV, and the azimuthal angles to satisfy 
||0jj£^ — <^i^\ — 180° I < is'', 'f}^^ is the transverse momentum of the combination of the 
hardest two jets in the event and the lepton closest to the jets in 0) space, i.e. the 
transverse momentum of the neutralino candidate. Similarly ^jj^^ is the azimuthal angle 
of the combination of the hardest two jets in the event and the lepton closest to the jets 
in (?7, 0) space, i.e. the azimuthal angle of the neutralino candidate. 

As can be seen in both Figs, and p9| b this significantly reduces the background 
and the spurious peak in the slepton mass distribution. At these points it is also possible 
to reconstruct the lightest neutralino, chargino and sneutrino masses using the the decay 
chain v — > xl^-^ followed by the decay of the chargino Xa ^ ^^^iXi ci-nd the decay of 



the lightest neutralino to a lepton and two jets |2^,E3|. The reconstructed neutralino and 



slepton masses, before and after the imposition of the new cuts, are given in Table |. The 
same procedure as before was used to extract the sparticle masses. There is reasonable 
agreement been the simulated and reconstructed sparticle masses although again the re- 
constructed values lie between 5 and 15 GeV below the values used in the simulations, due 
to the loss of energy from the cones used to define the jets in the neutralino decay. 



5 Conclusions 

We have performed a detailed analysis of the background to like-sign dilepton production 
at both Run II of the Tevatron and the LHC We find a background from Standard Model 
processes of 0.43±0.16 events for 2 fb" integrated luminosity at the Tevatron and 4.9±1.6 
events for 10 fb~^ integrated luminosity at the LHC after a set of cuts. If we only consider 
this background there are large regions of SUGRA parameter space where resonant slepton 
production followed by a supersymmetric gauge decay of the slepton is visible above the 
SM background even for the small values of the couplings we considered. 

This is presumably the strategy which would be adopted in any initial experimental 
search, i. e. looking for an excess of a given type of event over the Standard Model prediction. 
If such an excess where observed it would then be necessary to identify which of the many 
possible models of beyond the Standard Model physics was correct. 

In the MSSM such an excess of like-sign dileptons can come from two possible 
sources, from sparticle pair production followed by the decay of the LSP, and from resonant 
sparticle production. We have considered the background to resonant slepton production 
from sparticle pair production and found that after an additional cut on the number of 
jets the signal from resonant slepton production is visible above the combined Standard 
Model and SUSY pair production background for large ranges of SUGRA parameter space. 
Finally we have studied the possibility of measuring the mass of the resonant slepton and 
the neutralino into which it decays. Our results suggest that this should be possible even 
if the signal is only just detectable above the background. 
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Figure 28: The reconstructed neutralino mass at the LHC for A'211 = 10 ^, Mq = 350 GeV, 
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shows the background and the sohd hne the sum of the signal and the background. 
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Figure 29: The reconstructed slepton mass at the LHC for A'211 = 10~^, Mq — 350 GeV, 
Ml/2 = 350 GcV, tan/3 = 10, sgn fi < and Aq = GeV. At this point the smuon mass is 
Mfi^ = 432.0 GeV. We have again normalized the distributions to an integrated luminosity 
of lOfb-^ The cuts used are described in the text. The dashed line shows the background 
and the solid line the sum of the signal and the background. 
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